Teleseismic P wave arrival times recorded by a dense network of seismograph stations located on Kilauea volcano, Hawaii, are inverted to determine lateral variations in crust and upper mantle structure to a depth of 70 km. The crustal structure is dominated by relatively high velocities within the central summit complex and along the two radial rift zones, compared with the nonrift flank of the volcano. Both the mean crustal velocity contrast between summit and nonrift flank and the distribution of velocities agree well with results from crustal refraction studies. Comparison of the velocity structure with Bouguer gravity anomalies over the volcano through a simple physical model also gives excellent agreement. Mantle structure appears to be more homogeneous than crustal structure. The root mean square velocity variation for the mantle averages only 1.5%, whereas variation within the crust exceeds 4%. The summit of Kilauea is underlain by normal velocity (8.1 km/s) material within the uppermost mantle (12-25 km), suggesting that large magma storage reservoirs are not present at this level and that the passageways from deeper sources must be quite narrow. No evidence is found for substantial volumes of partially molten rock (5%) within the mantle to depths of at least 40 km. Below about 30 km, low-velocity zones (1-2%) underlie the summits of Kilauea and nearby Mauna Loa and extend south of Kilauea into a broad offshore zone. Correlation of volcanic tremor source locations and persistent zones of mantle earthquakes with low-velocity mantle between 27.5-and 42.5-km depth suggests that a laterally extensive conduit system feeds magma to the volcanic summits from sources either at comparable depth or deeper within the mantle. The center of contemporary magmatic production and/or upwelling from deeper in the mantle appears to extend well to the south of the active volcanic summits, suggesting that the Hawaiian Island chain is actively extending to the southeast.
INTRODUCTION
Three-dimensional variations in the physical properties of the lithosphere exist in virtually every tectonic region on earth, both ancient and young. Until the advent of high-speed digital computers it was impossible to study the three-dimensional structure of the earth except for a limited class of problems. Seismological studies, in particular, have been largely restricted to one-dimensional models and interpretations. Recently, Aki et al. [1977] developed an elegant method for determining laterally varying velocity structure from seismic array recordings of teleseismic body waves and applied the method to continental arrays in the United States and Norway Husebye et al., 1976] .
In this paper the three-dimensional velocity structure of Kilauea volcano, a young, active shield volcano on the island of Hawaii, is investigated by using the seismograph network of Knowledge of mantle structure beneath young volcanoes on Hawaii is largely limited to inferences based upon the distribution of mantle earthquakes [. Eaton, 1962; Koyanagi et al., 1975] , changes in level measured over long base lines [Mogi, 1958] , and comparisons with older volcanoes of the Hawaiian chain [ Wright, 1971] . Concentrations of earthquakes beneath the summits of Kilauea and Mauna Loa, which extend to depths of 60 km or more, are believed to outline regions through which magma ascends to the summits of the two volcanoes. Zones relatively free of earthquakes between about 15 and 30 km below both Mauna Loa and Kilauca have led Koyanagi et al. [1975] to speculate that these earthquake-free zones delineate magma storage areas. Jackson and Wright [1970] present additional evidence for laterally varying mantle structure beneath the Hawaiian chain based upon their study of xenoliths in the Honolulu volcanic series. They conclude that the mature volcanoes are underlain by a refractory root extending to a depth of at least 100 km and further argue that partial melting of the mantle to produce tholeiitic magma is restricted to a relatively narrow vertical zone underlying the volcanic summits.
METHOD OF ANALYSIS
The modeling technique developed by A ki et al. [1977] is used to estimate the three-dimensional velocity structure beneath Kilauea. In this method a finite region beneath the seismograph array is allowed laterally varying velocities, while the earth outside the modeled region is considered to have known velocity structure. Derivation of the !inearized system of equations solved to obtain estimates of the lateral variations in velocity may be found in the paper by Aki et al. [1977] .
Briefly, velocity perturbations to the initial model are given by the solution of where rh is an approximate solution of (1), 0 is a positive constant (damping parameter), and I is the identity matrix. Reading weights, designed to be an estimate of the confidence of the readings, were assigned to all readings. Impulsive arrivals were assigned weights according to the accuracy with which the measurement could be repeated and correspond to estimated standard errors of a single observation of 0.05 s for a weight of 0 and 0.1 s for a weight of 1. Emergent arrivals with poorer signal to noise ratios were assigned weights of 2 and 3, corresponding to estimated uncertainties of 0.15 and 0.2 s, respectively. Only data with weights of 2 or better were included in the analysis, for which we estimate that average error to be 0.1 s.
The observed teleseismic P waves were reduced to residual travel times by using either the Herrin or the Jeffreys- Bullen  table and preliminary 
INVERSION FOR THREE-DIMENSIONAL STRUCTURE
The initial velocity structure of the crust and upper mantle beneath Kilauea consists of five homogeneous, plane-parallel layers with thickness and velocity as specified in Table 2 Figures 6a, 6d, and 6e) indicates that the overall anomaly pattern is not too sensitive to these fundamentally distinct estimates of p. Detailed comparison between all model elements for these solutions (Figures 7c and 7d ) also shows the overall similarity between solutions. This result will not hold for a general structure investigated by using the technique, but it does hold for this particular array.
Effect of variation in block configurations. Choice of block models with differing geometries or orientations will lead, in general, to different models because of the method by which model parameters are quantized. To explore the effects of model geometry upon the solution, numerical experiments were performed comparing models with different layering and block orientation. Models with deeper layers displaced verticall9 by one half of a layer thickness yield solutions similar to those with layering specified by Table 2 . Additionally, neither rotation nor translation of the block model produced major changes in the overall pattern or perturbations (Figures 6a  and 6f) .
In Estimation of the uncertainty in the smoothed model (Figure 11) is somewhat subjective, since (5) cannot be applied directly. However, by taking the spatial average of two distinct solutions we are in effect trading resolution length for greater stability. For the smoothed model we estimate that velocity fluctuations exceeding 1% are significant.
LATERAL CRUST AND UPPER

MANTLE STRUCTURE
Crustal structure estimated for the volcano agrees well with the structure determined by refraction studies. High velocities clearly delineate both the summit complex and its two radial 
COMPARISON WITH GRAVITY
The origin of the areal variations in elastic wave velocity within the volcanic pile most probably lies in the degree to which flawsmfractures, cracks, and poresmpermeate the crustal rocks. Because tholeiitic basalts of very uniform composition [Wright, 1971] form the entire volcanic edifice, both shield and rift, a simple model relating density to velocity provides a straightforward means for comparison of the three-dimensional velocity structure with the Bouguer gravity anomaly over Kilauea. Sato [1952] 
Although modeling the effect of cavities by spherical holes is simplistic, it closely approximates the effect of roughly equidimensional pores. Cracks or other low aspect raiio cavities, undoubtedly present, will result in an overestimation of the density contrast for a given velocity contrast when (9) and (10) are used [Walsh, 1965] . Variations in velocity due to intrinsic differences in the mineralogy of the matrix will similarly lead to an overestimation of the density contrast. Sato's model thus gives an upper bound on the density contrast.
Below the shall(•w water table th e entire crust of Kilauea is probably saturated [Stearns and Macdonald, 1946] , and water is considered to be the pore fluid in calculations for the crustal layer. Velocity variations in the mantle are assumed to be due to inclusions of tholeiitic magma in an olivine-rich peridotic mantle [Jackson and Wright, 1970] . Density and compressibility data for basalt and peridotite from Birch [1966] and data for tholeiitic magma, after correction to mantle pressures, (Table 3) 
